ABSTRACT This paper is aimed at comparing the performance of multiple-input multiple-output (MIMO) schemes applied to the indoor visible light communication (VLC) system. The MIMO schemes considered for this paper are repetition coding (RC), space-time block codes (STBCs), and spatial multiplexing (SMP). For MIMO design, the current system makes use of unique algebraic codes, i.e., maximum rank distance (MRD) codes in this connection. Two different configurations (2 × 1 and 2 × 2) are taken into consideration with distinct transmitters' spacing. Simulation results are presented and a comparative analysis of the current system with an existing system is given mainly in terms of bit error rate (BER), data-rate, and transmission range. The simulation results are validated by the physical implementation of the system using NI cDAQ module programmed in LabVIEW. The simulation and experimentation results indicate that the RC scheme with significant diversity gain provides more robustness as compared to other MIMO schemes; however, the RC exhibits poor multiplexing gain, and hence, it is not spectral efficient. As its counterpart, the STBC and SMP are used that can increase both the capacity and reliability at the cost of slightly reduced transmission range.
I. INTRODUCTION
The ongoing user demands for high-speed wireless broadband home access networks are frequently increasing and it is getting difficult for radio frequency (RF) based wireless system to accommodate all user requirements. The RF spectrum has already gridlock and therefore, looking for alternative technologies could be the way forward. In this connection, Optical Wireless Communication (OWC) system has become one of the emergent and the cost-effective technologies that employ mono-chromatic light to transmit the digital data via intensity-modulation and direct-detection (IM/DD) optical wireless channel [1] - [5] . In IM/DD, the information bits are transmitted in the form of intensity or power of light. As a result, phase information is not required for communication. While on the receiver side, the intensity or power of an optical signal is directly detected.
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As a light source, the OWC system relies on recently developed LEDs that eventually substitute conventional lighting devices. By integrating LEDs (that emits light in the visible light spectrum) with a communication system, there exists a Visible Light Communication (VLC) system that has several unique features such as interference-free spectrum (384 THz − 789 THz), high transmission speed, dual use (illumination and high speed data communication), ubiquitous, secure as light signals fail to pass through the walls, low cost opto-electronic components, stable channel conditions for the specific symbol duration, high signal-to-noise ratio (SNR) and harmless for the human body [3] , [6] , [7] .
The problem of duplex transmission was targeted in [8] - [10] while several works have also been done on dimming control [11] - [13] . The ongoing research activities are done on improving both capacity and reliability of VLC systems. For this, significant amount of work can be seen in which more advanced spectral efficient modulation techniques such as Orthogonal Frequency-Division Multiplexing (OFDM) [14] , [15] and its variant such as asymmetrically-clipped optical OFDM (ACO-OFDM) [16] , [17] , DC-biased optical OFDM (DCO-OFDM) [18] and asymmetrically-clipped DC-biased optical OFDM (ADO-OFDM) are implemented [16] . For the case of IM/DD, the output of OFDM and its variant should be positive and real. In order to do so, generally, Hermitian symmetry (HS) block is introduced to the OFDM system before carrying out the inverse fast Fourier transform (IFFT) operation. The HS increases the computational complexity of the transceiver as the block size of IFFT and FFT becomes double. In the meantime, HS also put a limit on the capacity of the VLC system as the only half sub-carriers are accustomed to transfer the data [19] . Furthermore, it was also shown in [20] - [22] that the OFDM gives high peak-to-average-power-ratio (PAPR) and for the real-valued non-negative envelope, a changeable LED driver circuit is desirable which is complex to build and very expensive. So, our earlier work [23] target the issues of OFDM and suggested modified form of OFDM named as Enhanced Sub-carrier Index Modulation OFDM (ESIM-OFDM) and an appropriate signal shaper such as Sigma-Delta Modulator (SDM). ESIM-OFDM tackles the issue of high PAPR of OFDM while SDM converts the real-valued signal to square waveform so as to be used for data communication through LEDs. However, it was observed through hardware-based numerical results shown in [23] that SDM reduces data-rate and increases the computational complexity of the VLC system.
In lieu of OFDM techniques, multiple-input multipleoutput (MIMO) techniques have also been viewed as the most promising in achieving high data-rates and improving reliability. The MIMO systems exploit the property of multiple LEDs installed on a ceiling of a room that provides sufficient illumination as well as data communication. Recently, many investigators have suggested MIMO-VLC systems based on Space-Time Block Codes (STBCs) [24] - [27] , Spatial Multiplexing (SMP) [28] , [29] and Repetition Codes (RC) [30] - [32] . The most interesting feature of using both RC and STBCs in VLC system is that they can enhance the reliability without increasing the transmitting optical power. However, additional processing is required at the receiving end. In the meantime, SMP is used to enhance the capacity of the system.
The RC, with on-off keying (OOK) and pulse-position modulation (PPM), was first introduced in [33] and [34] in which the same binary signal was transmitted by two spatially separated VLC transmitters. Both of these works illustrate the significant amount of diversity gain which was, unfortunately, could not be received in the RF system. This diversity gain is due to the fact that RC combines both faded signals at the single photo-diode before the noise addition. In [28] Later, efforts were made to use STBCs within VLC system that can also provide reliability. However, initial efforts were failed as STBCs employs phase modulation (PSK and QAM) which are not suitable for IM/DD. In this connection, Simon et al. proposed a modified STBC system in which BPSK modulated Alamouti blocks were converted to unipolar blocks. The work of Simon et. al was further extended to any number of transmit antennas by Safari and Uysal [31] . However, a very important point can be deduced from their work that by modification, the error performance of the Alamouti blocks deteriorates as they lose orthogonality between the columns. So, there is a great potential to search for a better block code that provides the unipolar output suitable for IM/DD.
B. CONTRIBUTION
All the works reported in the previous subsection only provide the numerical performance analysis and none of the authors have implemented their work on hardware. However, this work provides both numerical performance analysis and hardware implementation of the RC, SMP, and STBCs based VLC system. The work presents a novel technique in the form of algebraic codes i.e., Maximum Rank Distance (MRD) codes which eliminate the need for modification in Alamouti codes. Thereby, producing the unipolar outcome which is the requirement of IM/DD. The feasibility of the proposed system has also been tested through a prototype implementation. The implementation consists of a Software Defined Radio (SDR) based on NI cDAQ component tools designed in MATLAB/LabVIEW. The performance of the designed prototype has been accomplished in relation to transmission range and data-rate mainly. The key contributions are:
• Design VLC transceiver based on algebraic codes (rank codes) and assess the error performance mainly on Bit-ErrorRate (BER) of RC, SMP, and STBCs for numerous transmitters spacing
• Develop a prototype design of VLC transceiver using NI hardware and demonstrate the text communication through it
• Assess the effectiveness of the prototype by computing the transmission range and data-rate for RC, SMP, and STBCs based MIMO system for different configurations
The rest of the paper is structured into the following sections: Section II provides a comprehensive explanation of the MIMO system model. Afterward, Section III gives a brief discussion on the RC and SMP. It also provides essen- VOLUME 7, 2019 tial knowledge for the construction of modified STBC and MRD-STBCs. Section IV discusses and presents the outcome of simulations for 2 × 1 and 2 × 2 antenna configuration whereas section V gives details about the experimental setup while the last section gives concluding remarks of the work.
II. SYSTEM MODEL
In this work, an IM/DD based optical MIMO communication system is realized with the help of M T LED transmitters and M R receivers (photo-diodes). The received signal vector r is expressed as:
where w denotes the noise vector which is the sum of thermal and shot noise. It is to be noted that w is a real-valued additivewhite Gaussian noise (AWGN) with zero mean and variance 
where h M R M T exhibit the transfer factor of an optical link between transmitter M T and receiver M R . Optical signals propagate on two distinct paths. The first one is the direct path between the emitter and the receiver, i.e., the line of sight (LOS) path [35] . The other path is not direct and at least dependent on the reflection (and refraction, diffraction, scattering, etc.) of light from different reflecting surfaces present in the indoor environment. This path is called the non line of sight (NLOS) path [36] , [37] . For a regular indoor setting, the VLC transmitters are fitted on the ceiling of a room having radiant intensities in the downward direction, whereas the VLC receivers are located at lower heights confronting upwards to the ceiling. Fig. 1 shows the geometry of a cubic room having dimensions 4m × 4m × 3m and equipped with two transmitters and two receivers. It is worthy to mention that the transmitters are located on the ceiling at the height of z = 2.50m while the receivers are placed at the height of z = 1m on the table. Furthermore, both emitters and receivers are located at the center of the room in an array 2 × 1. On the basis of a given geometry, numerous static setups will be considered by varying the spacing between the transmitters/receivers. Without any loss of generality, we fix the spacing between the receivers to 0.1m while we change the transmitters spacing and investigate their response in the simulation results.
In this study, we only assume LOS path since it carries almost 90% of the total optical power. For LOS link, the channel gain calculations are similar to a single-input single-output (SISO) system. The thorough discussion on LOS link can be seen in [23] , [37] - [39] . However, by using the given geometry, we present a mathematical expression for the channel gain of optical LOS link as [23] , [38] :
where A rx show the exposure area of photo-diode, D denotes the transmission range, φ and ψ illustrates emergence and incidence angle, and k 1 indicates the Lambertian emission parameter which corresponds to emitter's semi-angle at half illuminance ϕ 1
2
. The parameter k 1 is computed as [40] :
The Eq. 3 holds true only if incidence angle is comparatively lesser than the field-of-view (ψ FOV ). In the case, ψ > ψ FOV , the channel gain h is equal to zero. It is worth-telling here that both angles, ϕ 1 2 and ψ FOV are selected to be 15 • as these angles are used in the physical implementation of LOS link in European Union project OMEGA [41] .
III. MIMO TECHNIQUES
This section presents a comprehensive discussion of the existing and proposed MIMO techniques used for indoor OWC. For all MIMO schemes, it is presumed that the receivers have perfect channel knowledge and thus employed a zero-forcing linear detector as an equalization technique. Moreover, the emitters and receivers are completely synchronized with each other.
A. REPETITION CODE BASED VLC SYSTEM
For IM/DD, the transmit diversity is simply realized by the RC in which same OOK signal is simultaneously transmitted by the spatially separated M T transmit antennas. The optical power in RC is uniformly distributed among all the VLC transmitters, thus, the light intensities are divided by the factor M T . On the receiver side, the light intensities originating from different LED transmitters are constructively adding up at the single photo-diode [32] . The mathematical expression of the received signal is given as [42] :
where R p denotes the responsivity of receiving photo-diode, h a are the VLC channel dc gain, d are the data symbols and w represents the noise which is modeled as AWGN.
B. SPATIAL MULTIPLEXING BASED VLC SYSTEM
Spatial Multiplexing (SMP) is also a MIMO scheme that is utilized to raise the data-rate of the system. The idea of SMP is the simultaneous transmission of independent data streams via all VLC emitters exist in the setup. The SMP provides the spectral efficiency of M T log 2 (M ) bit/s/Hz, where, M signifies the constellation points. In this study, randomly generated binary data is first passed to the OOK modulator. The serial outcome of the modulator is converted into two parallel streams to transmit through VLC transmitters. For the first time-slot, the OOK symbols s 1 and s 2 are relayed through transmitter 1 and 2 respectively. While in the second time-slot the transmitters send s 3 and s 4 . Consequently, the system attains spectral efficiency.
C. MODIFIED STBC FOR VLC SYSTEM
The schematic diagram of the modified STBC based MIMO-VLC system is exhibited in Fig. 2 . Initially, the binary data from the user is taken and passed to the BPSK modulator. The modulated data B is split up into two sequences (B 1 and B 2 ) and then passed to the STBC encoder. The output of the STBC encoder contains the phase information as the modulated symbols are +1 and −1, therefore, there is a need to make them real and positive. To create the STBC blocks unipolar, a mapper is placed right after the STBC encoder that converts BPSK modulated symbols x 1 and x 2 into unipolar OOK symbols s 1 and s 2 . The complete algorithm used by the BPSK to OOK mapper can be found in [31] , however, the mathematical expressions used by the mapper are:
where 1 2×2 is a square matrix whose entries are equal to 1s while X is a 2 × 2 STBC block. As an example, consider a BPSK modulated STBC block as 1 1
. After passing the STBC block through mapper, the unipolar output is given as 1 1 0 1 . The resultant unipolar block is termed as modified STBC block and it will be transmitted through a line of sight VLC channel. On the receiver side, the optical intensities from independent transmitters are detected by the photo-diodes which after optical to electrical convergence passed to ZF equalizer. The equalized OOK symbols (ŝ 1 andŝ 2 ) is transferred back to BPSK symbols (x 1 andx 2 ) by the transformation:
The output of the demapper is supplied to the STBC decoder that will recover the BPSK symbols. Afterward, the parallel streams are transformed to serial data and enter to the BPSK demodulator. The end result of the demodulator is then compared with the original data to examine the number of errors.
D. MRD-STBC BASED VLC SYSTEM
MRD codes are algebraic codes that are linear in nature and generated using primitive polynomials. A linear code can be represented as C = (n, k, d), where n relates to the length of the code, k indicates the quantity of symbols and d signifies the code distance. MRD codes are based on metric 'rank' constructed by Gabidulin [43] and Gabidulin and Pilipchuk [44] that attempts to detect and correct more number of errors in comparison with other codes based on metric 'minimum hamming distance' [45] . This error handling capability is due to linear dependency among different symbols.
Let a finite field of p elements will be represented by F p . This (F p ) field is considered as the base field and its VOLUME 7, 2019 extension field of M T is given as F p M T , where p denotes prime number (p = 2, 3, 5 . . .). Moreover, let R = (r 1 , r 2 , . . . , r n ) be an n−vector whose co-ordinates lie in the extension field. Let m 1 , m 2 , . . . , m M T represents the basis of an extension field of Galois Field (GF) GF(p M T ) over the base field, i.e., GF(p). The vector associated with these fields is generalized as [44] , [46] :
where β ij ∈ GF(p). In matrix notation, the vector r j takes the form [44] , [46] :
As a result, the rank of the matrix, G m (r), is the total number of linearly independent rows or columns (whichever is smaller). However, the rank distance d r between two vectors a and b is defined as the rank of the difference a − b [46] ,
Based on the above equation (Eq. 10), the rank distance of a linear code C is given as:
If a linear code C has rank distance d, then all the errors e can be corrected [44] :
Finally, there exists two possible types of rank codes which are described as: (1) Linear Rank codes for n ≤ M T : A rank code can be defined as a linear code if the singleton-type bound, i.e., k ≤ n − d + 1 is reached [47] . Such a code is considered to be an optimal code and its complete theoretical details can be found in [43] . For n ≤ M T , an optimal code exists only if 1 ≤ d ≤ n is satisfied and for such codes, a generator matrix can be realized as [47] :
where g 1 , g 2 , . . . , g n denotes the set of elements that lies in the extension field F p M T . It is worth-noting here that these elements are also linearly independent. The aforesaid generator matrix Eq. 13 is also termed as Frobenius matrix [47] . In order to find out the code word c, consider an information vector u
The resultant code vector having dimension n is given as:
At receiver, y = c(u) + e is received. To extract message information from vector y, the following condition should be satisfied:
where H is referred to as parity check matrix and (.) T shows the transpose of the matrix. It is important to discuss here that an optimal rank code depends upon the following design parameters which are:
• Dimension:
For n > M T , the generator matrix given in Eq. 13 cannot generate a linear optimal code because the coordinates of generator vector are linearly dependent over F p . So, another type of rank codes is introduced by Gabidulin which is termed as reducible rank codes. This type of rank codes is a complete generalization of the rank product codes. The complete details of reducible rank codes can be found in [48] - [50] . Consider generator
A rank code is said to be reducible if the generator matrix is given as [49] :
Like optimal rank codes, a parity check matrix H is also required for decoding purpose. As the scope of this work is confined to evaluate the performance comparison of modified STBC with MRD based STBC so we only consider the first type (n ≤ M T ) of rank codes. The next subsection discusses the construction of such codes.
1) CONSTRUCTION OF MRD-STBC
As the overall performance of STBCs depends upon the diversity gain which appears as one of the requirements for STBC construction by Tarokh et al. [51] . Likewise, diversity is also directly linked to the minimum rank distance between two codeword matrices. Therefore, the relationship between diversity gain and minimum rank distance (as well as the fact that two dimension MRD codes can be constructed) [43] , results in applying MRD codes as STBC's. This is due to the fact that in a two dimensional MRD code, one dimension refers to transmit antennas and the other to distinct time-slots.
As discussed earlier, MRD codes are constructed using primitive polynomials. So, we consider a generic primitive polynomial of degree M T such that,
The companion matrix of dimension (M T × M T ) can be formed using the above polynomial (Eq. 17) as follows [52] :
The set of possible rank codes can be obtained by multiplication operation. The successive multiplication of a companion matrix with itself would yield
. Depending on the value of M T , the corresponding GF(p M T ) is employed to design the companion matrices. Each row in the companion matrix consists of a primitive polynomial that represents a unique element of GF(p M T ). For example, consider the construction of MRD-STBC for two transmit antennas. Consider y 2 +y+1 as a primitive polynomial over GF (2) . According to the polynomial, the block size for MRD code is 4 and the direct matrix construction to create these 4 MRD blocks using Eq. 18 can be seen in [46] . These 4 MRD blocks are given as:
The above blocks show that they achieve full diversity gain since the number of time-slots is equivalent to symbols. Likewise, for any number of transmit antenna (M T ), the resultant companion matrix always attains full rate diversity gain which is not possible in OSTBC [51] , [53] . This additional feature of MRD-STBCs can be satisfied by the construction of rank codes for four antennas. Consider a primitive polynomial of degree 4 which can be provided as y 4 + y 3 + βy 2 + βy + β, where the coefficients of the given polynomial are from GF(2 2 ). The companion matrices of degree 4 using Eq. 18 can be formulated as [45] : It is pertinent to discuss here that each one of the above matrices are yield with the help of finite fields that are easily accessible in MATLAB. The resultant blocks for two or four transmitters are directly used to transmit from LEDs and these blocks can easily drive the LED driver circuit (ON/OFF) without any required modification, contrary to STBC which does require BPSK to OOK mapper to drive LEDs [31] .
IV. NUMERICAL RESULTS
The current section exhibits an extensive assessment of the numerical results for the MIMO techniques introduced in section III. The computer based numerical simulations are conducted on the MATLAB tool. The overall performance of the proposed and existing MIMO systems are investigated and assessed with the help of E b /N o and BER based waterfall curves. In order to perform STBC coding, a modified STBC and MRD-STBCs is considered with one and two receiver(s). For each MIMO technique, 100,000 bits were generated randomly. The additional parameters required for the simulations of VLC channel and MIMO systems are listed in Table 1 . 
A. SIMULATION SETUP
For numerical simulations, various LOS configurations are considered by changing the spacing between transmitters. To make the evaluation procedure fair, the average optical power emitted by the transmitters for each MIMO technique is uniform. The error performance at the receiver side is evaluated with respect to bit energy to noise power spectral density (E b /N o ) and we take under consideration the specific path-loss of every setup because of the angular placement and distance between the single emitter and receiver. Additionally, the response of the optical channel remains stable during the transmission of each block code. Furthermore, AWGN sources are also considered at the receiving photo-diodes.
On the receiver side, the block codes are acquired which are corrupted due to channel impairments and noise. These block codes are passed to the zero-forcing (ZF) detector. Although, VOLUME 7, 2019 it is found in the literature that ML detector outperforms the ZF, yet it is not suitable for physical implementation as by increasing the constellation points or by transmitting antennas the number of block code combinations increases, ultimately, results in computational inefficiency. Therefore, a ZF linear detector is used in this work that reduces the computational complexity and becomes a viable solution in physical implementation.
B. NUMERICAL RESULTS AND DISCUSSION ON CHANNEL MATRICES
For simulations, we consider two configurations (2 × 1 and 2×2) with two distinct transmitter spacings M T s . The spacing between the receivers is fixed while the transmitter spacings are selected as M T s = 0.25, and 0.5m respectively. Moreover, the spacing between the LEDs in an array is kept constant. This means that the channel matrices depends only on the alignment of transmitters and receivers. By using Eq. 3 and the room dimensions given in section II, the channel matrices without noise are as follows: The above channel matrices lead us to a crucial point i.e., for LOS scenario, the symmetrical placement of VLC transmitters and receivers provide us equal channel gains. Furthermore, it can also be deduced from the aforementioned matrices that if the spacing between the transmitters are kept small then we get similar channel gains, however, if the spacing is large then the channel gains are no longer similar. By simulating the MATLAB code for the channel matrices, it is observed that when the spacing between the transmitters is 0.55m, the transmitter is not in the range of FOV of the receiver, thus the particular transfer factor h M R M T is equal to zero. Fig. 3 . For transmitters spacing 0.25m, it is noticeable from the results that at BER = 10 −3 , the RC outperform all other MIMO techniques. The RC achieves a coding gain of approximately 5 and 7 dB when compared to the STBCs and SMP. This significant improvement in RC is due to the light intensities from different transmitters are constructively gathered at the single receiver. Similar results are also reported in [24] , [31] , [34] . A very interesting result can be observed for STBC. Although, STBC perform worse than the RC but attains a gain of 2 dB in comparison with SMP. Moreover, both STBCs (MSTBC and MRD-STBC) perform exactly same. This means that the suggested MRD-STBC become a good alternative to MSTBC as it does not require any mapping block that converts a BPSK signal into OOK. The results for transmitter spacing 0.5m are also shown in Fig. 3 . The results show that by expanding the spacing between the transmitters, the error results for all MIMO techniques deteriorate and thus require additional E b /N o to attain a fixed BER. This performance deterioration is due to the fact that the light intensities decrease as VLC transmitters move away from each other. At BER = 10 −3 , the performance of RC is 5.1 dB worse than the RC at spacing 0.25m. Consequently, the performance of STBCs also become worse and require an additional E b /N o of 3.9 dB to get fixed BER. The similar result can also be observed for SMP as it requires 3.7 dB more E b /N o .
D. NUMERICAL RESULTS AND DISCUSSION ON 2 × 2 CONFIGURATION
This subsection illustrates the BER performance results of all MIMO techniques for 2 × 2 configurations. The simulation setup is similar to the 2 × 1 configuration instead another VLC receiver is added and aligned at the spacing of 0.1m. Fig. 4 demonstrates the BER results of all MIMO techniques with different transmitters spacing. From the results, at BER = 10 −4 and spacing 0.25m, STBCs and SMP performed better than the RC. This performance improvement occurs at the expense of extra complexity at the receiver side. Like 2 × 1 configuration, the performance of both STBCs (MSTBC and MRD-STBC) is exactly the same and achieves a coding gain of about 2 and 0.3 dB with respect to RC and SMP respectively. Moreover, the SMP with its multiplexing gain outperform RC and requires 1.7 dB less E b /N o . The similar trend is also noticed from the simulation outcomes at the transmitters spacing 0.5m. To attain BER = 10 −4 , STBCs require 3 dB extra E b /N o in comparison to the STBCs at 0.25m spacing while SMP and RC both require 3.7 dB E b /N o .
V. EXPERIMENTAL SETUP
This section demonstrates the hardware design of a complete state of the art MIMO-VLC transceiver. The SDR is created using LabVIEW tool in which MIMO techniques are implemented to transmit/receive data through an optical wireless channel [54] . For real-time text transmission, NI cDAQ 9174 chassis fixed with ADC and DAC modules, is used [55] . The output of the SDR is connected to NI 9263 analog output module which acts as DAC [56] . It is a screw terminal connector module that has 4 output channels. The LED driving circuit can be connected to any one of these channels. The input to SDR is received from the NI 9201 analog input module connected with the output of the photo-diodes and it has 8 input channels [57] . The complete hardware setup is shown in Fig. 5 while some important features of all hardware equipment are given in Table 2 . It is worth-noting here that the transmitters and receivers employed in this work are different from those used in our earlier work [23] . This change is due to the bottleneck of the photo-diode (OPT101) as it is not able to detect optical signals greater than 4 KHz. Hence, it also restricts the final data-rate of the VLC system. The transmitters and receivers used in this work are discussed in forthcoming subsections.
A. VLC TRANSMITTER
In a VLC system, the optical transmitter (LEDs) is employed to transform the electrical signals into light. It comprises an LED driver circuit and LEDs that can perform the dual operation (illumination and data communication). The LED driver circuit needs a 12v DC supply that is sufficient to operate 3 LEDs that we have used in our set up. These 3 LEDs are connected such that the input voltage is divided across each LED [39] . The LEDs selected for the prototype are LXHL-BM01 and they have high switching capability such that their flickering time (light ON and OFF) is 100 ns [58] . The complete VLC transmitter is shown in Fig. 6 .
B. VLC RECEIVER
The VLC receiver comprises photo-diodes and an amplification circuit. The photo-diode used for the prototype design is BPW 34. It is a silicon PIN photo-diode that is highly susceptible to infrared and visible radiation. The motivation behind the selection of BPW 34 photo-diode is its high photo and radiant sensitivity and faster response time. These attributes make it an ideal choice to gather light intensity at a wider angle [59] . The detected optical signal is first converted to an electrical signal. Since the output voltage from the photo-diode is very low, the desired voltage level (+5v or 0v) is achieved by passing the signal through an amplifier circuit. For this reason, the LM 358 IC is employed as an amplifier. The schematic diagram of an amplifier circuit is shown in Fig. 7 . This circuit is developed in such a way that the sensitivity of the photo-diode to fluorescent light is reduced. This is done with the help of 10 K variable resistor. By setting the value on variable resistor VR 2 , the photo-diode VOLUME 7, 2019 FIGURE 7. VLC receiver used for prototype.
only detects the light from the transmitter. The output of the amplifier is then input to cDAQ module.
C. SOFTWARE DEFINED RADIO
The modem for MIMO techniques is designed in LabVIEW. For 2 × 2 MIMO configuration, two separate I/O physical channels are required each for a single VLC transmitter/receiver while for 2 × 1 only one input physical channel is required. For text transmission, the payload comprises 16 characters. These characters are then converted to bits and passed to MATLAB script library where OOK modulation is done. As data is transmitted by two VLC transmitters simultaneously, the modulated signal is divided into two equal parts. The data is then mapped onto RC, SMP, MSTBC and MRD-STBC blocks and an array of 1 s are added. The complete block diagram of MIMO-VLC SDR is demonstrated in Fig. 8 .
The final output of all schemes directly leads to the physical layer by using two separate NI 9263 modules. The optical signals are received by BPW 34 photo-diodes and amplified using amplification circuit as discussed earlier. These signals are corrupted due to channel effects and the light from fluorescent lamps available in indoor environment. To recover the transmitted signals, ZF detection is performed.
The next implementation step is to apply synchronization operation which is necessary due to early or delayed detection of the signal [23] , [39] . For synchronization, the receiver must have the knowledge of added 1 s. The cross-correlation operation is carried out between the range of inserted 1 s and estimated data which results in original data. When the number of 1 s starts overlapping with the 1 s that are inserted with the original data, the outcome of correlation continues on increasing and reaches to its highest value at the time when the window of 1 s is completely overlapped with the inserted 1 s. The data after the window is our message and it is passed to demapper where original symbols are separated from blocks. These symbols are then combined to form a single OOK symbol. Fig. 9 exhibits the virtual instruments (VI) diagram of MIMO techniques based VLC prototype. A message of 16 characters is transmitted by the prototype. After necessary conversion, the message bits are 128 in length and to make it round off, two dummy bits are added. Hence, the complete message bits carried by two symbols are 130 [23] . In an event where the user writes nothing in the message space then the prototype sends ASCII value of 16 spaces. Since 2 VLC transmitters are used to transmit the OOK symbol, so the original signal is divided into two equal parts and mapped onto the RC, STBC, and SMP blocks. In RC, the OOK symbols are carried in the first time-slot while the same symbols are transmitted in the second time-slot. Similarly, in STBC the complex conjugates of symbols s 1 and s 2 are transmitted in the second timeslot. Both RC and STBCs are used to increase the reliability of the VLC system. In an effort to maximize the capacity, SMP is used in which two different symbols are transported in every time-slot. Hence, the data-rate of the prototype is double. After mapping, the cyclic suffix will be appended with the data. The cyclic suffix is very helpful for the receiver mainly because at the time of synchronization if any sample is misplaced it will eventually make no difference in the operation, as the misplaced sample is just the sample of cyclic suffix [21] , [23] , [39] . After the add-on of cyclic suffix bits, the overall size of each bit-stream for RC/STBC and SMP are 170 and 105 bits.
D. EXPERIMENTAL RESULTS, DATA-RATE AND TRANSMISSION RANGE OF THE PROTOTYPE
To represent the start of the symbol, 40 ones are padded before the bit-streams that are transmitted from two VLC transmitters. This makes the total symbol length of 210 and 145 bits respectively. These bit-streams are converted to an analog signal and transmitted through two NI 9263 units at the transmission speed of 15 kbps and acquired at similar speed by NI 9201 units. This bit rate would result in 71.429 RC/STBC symbols/s and 103.449 SMP symbols/second. Therefore, the final data-rate of the RC/STBC based MIMO system is 9.2857 Kbps while using SMP, the data-rate is 15 Kbps.
It is worthy to state that the developed MIMO system has hardware constraint in terms of transmission and reception rate. When we increase the transmission rate over 15 KHz, the modules are no longer synchronized with each other. Also, the above reported data-rates (9.2857 & 15 Kbps) are very low and this is due to the usage of baseband modules (NI cDAQ). In the future, we intend to use broadband modules like Universal Software Radio Peripheral (USRP) or Field Programmable Gate Array (FPGA) kits to boost the spectral efficiency.
To find the range of MIMO prototype, the experiments are conducted for two configurations (2 × 1 and 2 × 2) in a brightly lit room. As stated in section II, the spacing between the transmitters and receivers are set to be 0.25m and 0.1m respectively. The experiments for 2×1 configuration exhibits that RC gives an error-free text transmission at the range of 1.45m and outperform all MIMO techniques. On the other hand, STBCs provides errorless communication up to 1.18m while the range for SMP is limited to 1.09m. It is also noted from the experiment results that above 1.45m the errors occur in RC based MIMO scheme and these errors continuously increasing with the increase in transmission range. At 1.77m, the receiver lost the signal and nothing is received at the output. The similar results are observed for STBCs and SMP, however, the only variation observed is the enhancement in the range. Both STBCs (MSTBC & MRD-STBC) gathered the signal up to 1.33m. Above this range, the signal is lost while the transmission range of SMP is limited to the only 1.17m. The experimental results for both configurations on transmission range are listed in Table 3 .
The experiments were also conducted for 2 × 2 configurations while keeping the spacing constant. The outcome of experiments reveals that the performance of RC becomes worst by introducing a receiver. The transmission range for RC based 2 × 2 configurations are limited to 1.46m. Above this range, the receiver lost the signal. However, by adding another receiver, the reliability of the STBC based VLC system is improved and the errorless communication is done at 1.43m. If we increase the distance beyond this range than errors occur and after 1.59m the signal is lost. The transmission range for SMP is also enhanced as it takes the full advantage of multiplexing gain. The error-free communication with SMP has occurred at the range of 1.41m and VOLUME 7, 2019 above 1.56m receiver receives nothing at the output. From the hardware-based numerical results of both configurations, a very crucial fact can be deduced that if we want to exploit the transmit diversity then we must select RC for VLC system as it provides the maximum transmission range. Moreover, if we are dealt with the high data-rate transmission, then SMP is the best option.
VI. CONCLUSION
The current work includes both simulation and hardwarebased comparative analysis of different MIMO techniques for indoor VLC environment. The VLC transceiver prototype has been developed using NI equipment whereas simulations are conducted using MATLAB tool. For analysis, two configurations (2 × 1 & 2 × 2) with different transmitters spacing are considered while keeping the receiver spacing fixed. It has been shown in both simulations and experimentation that the RC for 2 × 1 configuration provides a significant amount of diversity gain and outperform all other MIMO schemes. This performance enhancement is the result of non-negativity of the channel gains that ensure the nondestructive interference at the receiver. The error-free range provided by the RC is 1.45m which is larger than any another MIMO scheme. However, by the addition of receiver in the setup, the performance of RC becomes worst. For 2 × 2 configurations, STBCs performed better than RC and SMP. The experimental results showed that STBCs achieve an error-free range of 1.43m which is better than 2 × 2 RC and SMP. Finally, for high data rate applications, we can utilize SMP as a MIMO technique. On the other hand, if we need to transmit the information at longer range then we can adopt RC or STBC depending on the configuration. The future work may include the implementation of MRD-STBC based VLC transceiver on advanced modules like USRP or FPGA's that can boost the data-rate up to Mbps. SATTAM AL OTAIBI is the Head of the Innovation and Entrepreneurship Center, Taif University, Saudi Arabia. He is a researcher and an academician specializing in electrical engineering and nanotechnology. His practical experience in the field of industry, education, and scientific research has been formed through his research work and through his mobility among many companies, institutions, and universities as well as active participation in research centers that resulted in many scientific researches published in refereed scientific bodies. 
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